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$( \frac{\partial^{2}}{\partial t^{2}}-c_{0}^{2}\nabla^{2})(\rho-\rho_{0})=\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}$ (1)
$\rho$ ( $\rho_{0}$ : )
$c_{0}$ ( ) $T_{ij}$ Lighthill
$T_{ij}=\rho v_{i}v_{j}+((p-p_{0})-c_{0}^{2}(\rho-\rho 0))\delta_{ij}+\sigma_{ij}$ (2)
$\sigma_{ij}$ (1) 2
4




(2) 2 3 1 $\rho v_{i}vj$
$\rho=\rho_{0}$ , divv $=0$
$\frac{\partial^{2}T_{ij}}{\partial x_{i}\partial x_{j}}$ $\sim$ $\rho_{0}\frac{\partial^{2}v_{i}v_{j}}{\partial x_{i}\partial x_{j}}$
$=$ $\rho_{0}(s_{ij}^{2}-w_{ij}^{2})$
$=$ $\rho_{0}div(\omega\cross v)+\rho_{0}\nabla^{2}(\frac{1}{2}v^{2})$ (4)
$s_{ij}$ $w_{ij}$
$s_{ij}= \frac{1}{2}(\frac{\partial v_{j}}{\partial x_{i}}+\frac{\partial v_{i}}{\partial x_{j}})$ (5)
$w_{ij}= \frac{1}{2}(\frac{\partial v_{j}}{\partial x_{i}}-\frac{\partial v_{i}}{\partial x_{j}})$ (6)
Lighthill [3, 4, 9, 10, 11].
Powe Lighthill (4)
[10]. Howe Powell Lighthill (









$- \frac{1}{c^{2}}\frac{Dv}{Dt}\cdot$ { $\omega\cross v$ –Tgrad$S$ } $+ \frac{D}{Dt}(\frac{1}{c^{2}}T\frac{DS}{Dt})+\frac{\partial}{\partial t}(\frac{1}{c_{p}}\frac{DS}{Dt})$ (10)
$c_{p}$
$c_{p}=T( \frac{\partial S}{\partial T})_{p}$ , $c\# 2\tau_{c}^{1}=(\#_{p}^{\partial})s$
101
Mach Reynolds (10)






4 5 2 3
2 3
[5,6,14], 2 3
2 ( $Q$ ) 2
$p(r)= \rho_{0}c\frac{Qk}{2}H_{0}^{(2)}(kr)e^{i\omega t}$ (12)
$H_{0}^{(2)}$ $0$ 2 Hankel
Huygens-Fresnel 2
$Z_{R}^{2D}(\omega)(=R_{2D}(\omega)+iX_{2D}(\omega))$
$Z_{R}^{2D}(\omega)$ $=$ $Z_{0}^{2D} \frac{k}{a}\int_{0}^{a}dr’\int_{0}^{2r’}drH_{0}^{(2)}(kr)$
$=$ $Z_{0}^{2D_{\frac{\pi k}{a}}} \int_{0}^{a}dr’r’(H_{0}(2kr’)H_{1}^{(2)}(2kr’)+H_{-1}(2kr’)H_{0}^{(2)}(2kr’))$ (13)
&J $h=2a$, $\omega=ck$ , 2 $Z_{0}^{2D}=$
$\rho_{0^{C}}/2a$ $H_{n}$ $n$ Struve $Z_{R}^{2D}(\omega)$





$J_{1}$ 1 Bessel $Z_{0}^{3D}=\rho_{0^{C}}/(\pi a^{2})$ $a$
$\omegaarrow 0$





2 3 $Z_{0}^{2D},$ $Z_{0}^{3D}$
$kaarrow 0$ 2

























$\Delta L^{2D}(\omega)\sim\frac{a}{\pi}(3-2\gamma-2\log ak)$ (20) (c) $a$ $\triangle L(a=$
2.$5mm).$ $2D$ apr’ (20)
$\gamma$ Euler 2
$\omegaarrow 0$ 3
1: 2 3 $\pi^{:}$
$\triangle L^{3D}(\omega)\sim\frac{8a}{3\pi}$
Fig.1 (c) (19) 2 3
(20) 2 (20) $10000Hz$
$\triangle L^{2D}$ $\Delta L^{3D}$
$1000Hz$ $\Delta L^{2D}\sim 2.5a$ $90mm$,
$a=2.5mm$ 2 ( 2) 96. $3mm$
$903Hz$ $10mm$ 3








3 2 $10mm$ 2
LES [15].
OpenFOAM LES rhoPisoFoam [16].
(SGS ) One-equation-eddy [17, 18, 19],
2 Poinsot-Lele [20].
$p_{0}=100kPa$, $T_{0}=300K$
$\Delta t=10^{-7}\sec$ 2 Olsec
$V$ $(2 \leq V\leq 40m/s)$ 3 $V=6$,





$V=12m/s$ 2 3 2
$V=12m/s$ 3 2
A $(=p-p_{0})$
$(0\leq t<0.Ols)$ 4 3
A







3(b), 4(b) 2 3
$f_{2}=\dot{8}06Hz$ $f_{3}=795Hz$





Fletcher-Thwaites [21, 22, 23,
24, 25, 26, 27, 28, 29].







5(a), (b) 3 $B$ $z$
5(a) 2
$($ $5(b))$ , A
3 2
$V=12m/s$ 2 3





6(a), (b) 2 3
6(c), (d) 2 3 3
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$\tau_{1me}$ $[s]$ Frequency Hz]
(a) 2 (b)
5: 3 $(V=12m/s)$














(a) $2D$ (b) $3D$
(c) $2D$ (d) $3D$









8 3 Lighthill Howe Lighthill
(4) Howe (11) Lighthill Howe
( )
Lighthill Howe










[13]. Howe Lighthill 1













$V(2\leq V\leq 40m/s)$ 2 $V$
$V\geq 18m/s$ $V=6,12,36m/s$ $\cross$
3 $V=12,$ $V=36m/s$ 2 3
“Pipe resonance lst“, “ Pipe resonace 3rd”
2 3 $903Hz$ $2747Hz$





(a) $3D$ (b) Lighthill $3D$
$\ovalbox{\tt\small REJECT}_{-}^{+}$
(C) Howe $3D$ (d) Lighthill ( )
8: 3 $(V=12m/s)$ .
Jet velocity$fm/s$]
9: ‘Pipe resonance lst‘ ‘Pipe resonance3rd‘
3 ‘Edge tone’ Brown (21)
$(V \leq 8m/s)$ 2
Pa Brown
(21) 3













2 3 (b) 2 $D$
3
$(10 \leq V\leq 22m/s)$
$Fr\eta n’ oy|Hz|$
2 ( )
51 52 $V=$ (c) 3 $D$
$12m/s$ 3 2 10:2 3















$V\geq 24n1/S$ 3 11(a)




























Lighthill Howe ( )
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